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DOI: 10.1039/c1sm05621bPatternable, electrically conductive coatings having a superhydrophobic and superoleophobic surface
have been prepared by one-step vapour-phase polymerisation of polypyrrole in the presence of
a fluorinated alkyl silane directly on fibrous substrates. The coated fabrics showed a surface resistance
of 0.5–0.8 kU,1 with water and hexadecane contact angles of 165 and 154, respectively.Superhydrophobicity has attracted much attention over the last
decades in both theoretical and industrial contexts, because of
the interesting interfacial interaction with water.1 Super-
hydrophobic surfaces are typically created from a rough surface
with low surface free-energy. Two distinct theoretical models
(Wenzel and Cassie–Baxter) have been developed to explain
wetting of surfaces and to guide the development of super-
hydrophobic techniques. Superhydrophobic surfaces are
conventionally known for their bio-mimicking water-repellent,
anti-sticking, anti-contaminating and self-cleaning functions.
Recently, new features such as oil–water separation,2 energy
conversion,3 protection of electronic devices,4 controlling cell–
substrate adhesion,5 reducing fluid resistance for aquaculture
devices,6 and avoiding fluid drag in microfluidic devices7 have
been found. When superhydrophobicity is combined with its
opposite action, i.e. hydrophilicity, the surfaces show incredible
abilities to harvest water,8 and to guide water-transport unidi-
rectionally across thin porous membranes.9 These novel water
repellent and transport abilities are very useful for the manipu-
lation of water for various purposes.
In contrast to superhydrophobicity, the super repellence to oil
fluids that have a lower surface tension to water, also called
‘‘superoleophobicity’’, seems more challenging, but shows great
potential in antifouling from hazardous chemicals and biological
contaminants.10 Superoleophobic surfaces have a contact angle
with an oil fluid greater than 150.11 Unlike super-
hydrophobicity, however, superoleophobicity is dependent on oil
type. Due to the difference in surface tension for different oils,
a surface that is superoleophobic to certain oil fluids may have
lower repellence or even be wettable to other oil fluids of lower
surface tension. It seems easy to make surfaces super-repellent to
oils of a high surface tension, but difficult to prepareCentre for Material and Fibre Innovation, Deakin University, Geelong,
VIC 3217, Australia. E-mail: tong.lin@deakin.edu.au
† Electronic supplementary information (ESI) available: Experimental
details, FTIR, XPS spectra, and contact angle and surface resistance
data. See DOI: 10.1039/c1sm05621b
8158 | Soft Matter, 2011, 7, 8158–8161superoleophobic surfaces against oils having surface tensions
lower than 35 mN m1. The formation of superoleophobic
surfaces is most attributed to a meta-stable Cassie–Baxter model
originated from a rough low free-energy surface.12 The low free-
energy surfaces are normally achieved by fluorinated chemicals.
However, the rough structures required for superoleophobicity
have not been quite clear to date.
Along with the development of superhydrophobic/super-
oleophobic technologies, multifunctional superhydrophobic
surfaces have emerged with the use of functional materials for
surface treatment. Superhydrophobic surfaces capable of
switching between superhydrophobicity and hydrophilicity
induced by an external stimulus, such as thermal, electrical and
light have been reported.13,14 Superhydrophobic surfaces that
are conductive electrically or responsive to a magnetic field have
also been developed. Among various multifunctional super-
hydrophobic surfaces, electrically conductive superhydrophobic
coatings are of particular interest owing to their capability of
removing the static charges accumulated on the surfaces and
their potential applications as electromagnetic interference
shielding materials. Electrically conductive superhydrophobic
surfaces have been fabricated by several methods, such as direct
electrochemical polymerisation of conducting polymers on
metal substrates,14 self-assembly of conductive nanomaterials15
and template-assisted solution polymerisation.16 Conductive
superoleophobic coatings are mainly prepared by electro-
chemical polymerisation methods using fluorinated mono-
mers.17 However, all these techniques are based on hard
conductive substrates. The work on conductive superoleophobic
fabrics has been less reported in the research literature, in spite
of the great potential for protective clothing and electronics
textiles.
In this paper, we for the first time demonstrate a one-step
method to prepare electrically conductive superamphiphobic
(super-repellent to both water and oils) coatings on fabrics
through a vapour-phase polymerisation of pyrrole in the pres-
ence of a fluorinated alkyl silane (FAS). Patterned polypyrrole
(PPy)–FAS coatings can also be generated simply using aThis journal is ª The Royal Society of Chemistry 2011
Fig. 2 (a) Contact angle changes with time, (b) dependency of contact
angles on the surface tension of fluids, (c) effects of FAS concentration on
contact angles and surface resistance. (Substrate: polyester fabric.)
D
ow
nl
oa
de
d 
by
 D
ea
ki
n 
U
ni
ve
rs
ity
 o
n 
28
 F
eb
ru
ar
y 
20
12
Pu
bl
ish
ed
 o
n 
21
 Ju
ly
 2
01
1 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C1
SM
056
21B
View Onlinescreen-printing technique to quench the polymerisation reaction
in the unneeded fabric area. A plain weave polyester fabric was
mainly used as a model substrate.
The basic procedure for the one-step superamphiphobic
coating involved applying a FeCl3/FAS–ethanol solution onto
the fabric substrate using a dip-coating method, placing the dried
fabric that was coated with FeCl3/FAS into a pyrrole saturated
nitrogen atmosphere to carry out the polymerisation reaction,
and finally rinsing the fabric with water and ethanol to remove
the side products (details see the ESI†). After the treatment the
fabric turned black, indicating the formation of polypyrrole.
Fig. 1 shows the electron microscopic images of the treated
fabric samples. After the PPy–FAS treatment, no apparent
difference was observed between the treated and un-treated
fabrics under SEM (Fig. 1a and b). A typical TEM image (inset
in Fig. 1b) indicated the formation of a thin conformal coating
layer with the thickness about 100 nm on the fibre surface. SEM-
EDX mapping of elements C, O, F, Si and Fe was used to detect
the coverage of the coating (Fig. 1c). The element C was mainly
from the PPy, while the F, Si and O were from the FAS. Fe
originated from the oxidant trapped in the PPy matrix. All the
five elements covered the entire fabric surface, suggesting the
uniform coverage of PPy–FAS coating on the treated fabric.
The contact angle (CA) measurement indicated that the PPy–
FAS coated polyester fabric had a water contact angle of 165 
2. As depicted in the photographic image in Fig. 1d (green
droplet), the water forms a nearly sphere like droplet (25 ml) on
the PPy–FAS treated fabric. Such a droplet was able to maintain
this shape for a long period of time. Besides having a strong
repellence to water, the coated fabrics were also repellent
strongly towards oil fluids. Fig. 1d (red droplet) also shows
a hexadecane droplet on the coated fabric (25 ml), which looks
like a round ball as well. The contact angle of hexadecane on the
PPy–FAS treated polyester fabric was 154  2. The treated
fabric also showed a low sliding angle, 9 and 15 degrees for waterFig. 1 (a) and (b) SEM images of the polyester fabric before and after the
sectional view of the coated fibre), (c) SEM-EDXmapping of the coated fabric
FAS-treated, (e) un-treated, and (f) PPy-treated polyester fabrics. The dyes i
This journal is ª The Royal Society of Chemistry 2011and hexadecane droplets, respectively. For comparison, water
and hexadecane droplets on the untreated pristine fabric are
shown in Fig. 1e, which in both cases spread into the fabric
matrix. These results clearly suggest that the PPy–FAS coated
polyester fabric is not only superhydrophobic but also
superoleophobic.
To explore the role of FAS in the coating, pure PPy was also
applied onto the polyester fabric using the same method except
that the FeCl3–ethanol solution contained no FAS. The PPy-
coated fabric, however, only had a normal hydrophobicity, with
a water contact angle about 138 (Fig. 1f), and the water contact
was time dependent. As shown in Fig. 2a, the contact angle–time
curves indicate that water droplet on the PPy coated fabric is
unstable and in 30–40 seconds the contact angle decays fromPPy–FAS treatment (inset in (b) is the TEM image showing the cross-
, (d)–(f) coloured water (green) and hexadecane (red) droplets on (d) PPy–
n the droplets show no influence on the contact angles.
Soft Matter, 2011, 7, 8158–8161 | 8159
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View Online138 to zero degree. For the PPy–FAS coated fabric, however,
the contact angles for water and hexadecane droplets were both
stable and the droplets can maintain the spherical shapes for
a long period of time (Fig. 2a). Fig. 2b shows the effect of surface
tensions on the contact angle value. For the liquid having
a surface tension larger than 27.0 mN m1, the PPy–FAS treated
fabric had a contact angle above 150, showing the super-repel-
lent characteristic. However, for the oil fluids of lower surface
tension, the contact angle reduced swiftly with a decrease in the
surface tension value.
The conductivity of the coated fabric was characterised using
a standard two-probe method for resistance measurement.18 For
the PPy–FAS coated polyester fabrics, the surface resistance was
around 0.5 KU,1, which was similar to that of the polyester
fabric coated with pure PPy. The existence of FAS did not
change the conductivity of the coating films.
The chemical components of the coated fabric were examined
by XPS and FTIR (see the ESI†). After the polymerisation,
strong vibration bands with the peaks at around 1547 and
1452 cm1 occurred in the FTIR spectrum, corresponding to
typical skeletal vibration and in-plane deformation vibration of
the pyrrole rings. The bands at 1040 cm1 corresponded to
]C–H in plane vibration. The peak at 889 cm1 was assigned to
the ]C–H out of plane vibration indicating the formation of
polypyrrole. The peak at 1190 cm1 was the typical characteristic
of C–F stretching vibration. The XPS survey spectra revealed
that elements F, N, and Si appeared after the PPy–FAS treat-
ment (see the ESI†). The high resolution XPS N1s spectrum was
curve-fitted into two peaks with binding energies at 400.0 and
397.5 eV (see the ESI†), which corresponded to the –NH– and
]N– of polypyrrole, respectively.19 The high resolution C1s
spectrum had new peaks at 290 eV and 292 eV (see the ESI†),
typically from –CF2 and –CF3 moieties, respectively. This
suggests that FAS exists on the PPy–FAS coating surface.20
The FAS concentration in the FeCl3 solution was found to
affect the surface wettability. When the FAS concentration was
increased from 0.5 w/v% to 1.0 w/v%, the water contact angle of
the treated fabrics increased from 154 to 165. Further
increasing the FAS concentration resulted in a slightly reduced
contact angle value (Fig. 2c). The contact angle for hexadecaneFig. 3 AFM images of the polyester fibre coated with (a) PPy–FAS and
(b) pure PPy.
8160 | Soft Matter, 2011, 7, 8158–8161changed in a similar trend, albeit smaller value compared to
water. However, the FAS concentration had a very small influ-
ence on the surface resistance.
Fig. 3a shows a typical AFM image of the PPy–FAS coating
on polyester fibre. The PPy–FAS coating looked very dense with
a particulate structure on the surface. Based on the AFM image,
the average surface roughness and the root mean square
roughness of the PPy–FAS coating were measured, to be 38 nm
and 25 nm, respectively. For comparison, the AFM image of the
PPy coating is shown in Fig. 3b, which looks smoother. The
average surface roughness and the root mean square roughness
of the PPy-coating were 11 nm and 7 nm, respectively. The
formation of a rougher coating surface due to the addition of
FAS for PPy polymerisation can be explained by the aggregation
of FAS molecules in the FeCl3 because of the strong hydro-
phobicity of the fluorinated alkyl in the FAS molecules. On the
other hand, fibrous materials have micro-scaled rough surfaces
arising from the fibrous structure, which can enhance the liquid
repellence. The super oil repellent properties of the PPy–FAS
coated fabrics could derive from the two levels of roughness with
a low surface free-energy.
To find the advantage of one-step coating, FAS was applied to
a PPy-treated polyester fabric using a dip-coating technique.
This two-step method made the FAS molecules mainly coat on
the PPy surface. However, such a FAS coating led to increased
surface resistance (1.5 kU,1), presumably due to the insulating
effect of the dense FAS surface layer. Also, the FAS layer was
not stable and easy to be washed off with ethanol.
Besides the polyester fabric, other fibrous materials, such as
plain weave cotton and wool fabrics, were also used as
substrates. It was interesting to find that all the treated samples
showed both superhydrophobicity and superoleophobicity, and
the initial substrate properties and fabric type had a very small
influence on the surface repellent features (see the contact angle
and conductivity data in the ESI†).
By combining the PPy–FAS treatment with a screen printing
technique (Fig. 4a), negative PPy–FAS patterns were formed onFig. 4 (a) Procedure for making PPy–FAS patterns on fabrics, (b)
examples of PPy–FAS patterns, (c) a letter PPy–FAS pattern, (d) a simple
PPy–FAS circuit for lighting a LED device, with coloured water (green)
and hexadecane (red) droplets on the working PPy–FAS surface.
This journal is ª The Royal Society of Chemistry 2011
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View Onlinethe fabrics. As demonstrated in Fig. 4b and c, various PPy–FAS
patterns can be created by this method. The patterns had sharp
and clear edges (magnified images 1–3), and the minimal line
width was about 1.5 mm. The patterned PPy–FAS also main-
tained the superamphiphobic and electrically conductive
features. A simple PPy–FAS circuit was constructed to demon-
strate the functionality. As shown in Fig. 4d, a blue LED device
is lit by charging the two PPy–FAS pattern lines bridged with the
LED device, and the patterned area still maintained the high
fluid repellence while working.
It should be mentioned that polypyrrole patterns on non-
conductive substrates are difficult to achieve due to the insoluble
nature of the polymer. The patterns could be prepared by other
techniques such as printing PPy nanomaterials and solution-
based chemical polymerisation. However, printing of PPy
nanomaterials involves the use of binding material, which may
considerably reduce the conductivity, while the solution-based
polymerisation may have issues in effectively protecting the non-
patterned area from PPy deposition. Here, the use of selective
vapour-phase deposition to form PPy–FAS patterns is simple
and efficient, having potential for large scale production. This
method is also suitable for patterning pure PPy and even other
conducting polymers such as polyaniline and polythiophene.
In summary, a patternable, electrically conductive super-
hydrophobic/superoleophobic coating on fabrics can be created
simply by a one-step vapour-phase polymerisation treatment.
The treated fabrics showed super repellence to both water and oil
fluids and reasonable conductivity. The patterns can be used to
form a circuit for driving electronic devices. Such a novel
superamphiphobic technique may find applications in the
development of multi-functional protective clothing and elec-
tronics textiles.Acknowledgements
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